China's solar energy resources are widely distributed in the northwest region, where the solar radiation intensity is high and suitable for the development of concentrating solar power (CSP). Recently our country is going to substantially reduce the power consumption, and obtain the full implementation of coal-fired power plant ultra-low emission and energy saving, thus CSP as a kind of environmentally friendly and clean power generation technology is drawing extensive attention. As the most mature CSP technology, parabolic trough technology [1] [2] [3] [4] has been in successfully commercial operation for many years, moreover the California SEGS project [5] has been persistently running for nearly 30 years, and the electricity sale price is only about 6 cents/kWh. Compared with thermal power plant, parabolic trough power plant (PTPP) has a good application prospect.
PREFACE
China's solar energy resources are widely distributed in the northwest region, where the solar radiation intensity is high and suitable for the development of concentrating solar power (CSP). Recently our country is going to substantially reduce the power consumption, and obtain the full implementation of coal-fired power plant ultra-low emission and energy saving, thus CSP as a kind of environmentally friendly and clean power generation technology is drawing extensive attention. As the most mature CSP technology, parabolic trough technology [1] [2] [3] [4] has been in successfully commercial operation for many years, moreover the California SEGS project [5] has been persistently running for nearly 30 years, and the electricity sale price is only about 6 cents/kWh. Compared with thermal power plant, parabolic trough power plant (PTPP) has a good application prospect.
PTPP consists of a solar field filled with many parabolic trough solar collector assemblies (SCAs) including parabolic reflector mirrors, receiver tubes, metal support structure and tracking systems. Cold heat transfer fluid (HTF, usually heat transfer oil) comes in the receiver tubes which locate in the focal line of the trough, and picks up the heat. Then HTF exits from the solar field at a high temperature, which carries energy to the water in a boiler heat exchanger, and produces high temperature and pressure steam to drive turbine. [6] . It's important to improve the solar-to-thermal efficiency that contributes to reducing of the operation cost and commercialization of PTPP. For a good solar-to-thermal efficiency, the accuracy of installation and control of the tracking system should be enhanced, and a performance prediction model should be built.
Regarding tracking control system, Gang Pei [10] investigated the heat exchange efficiency of different tracking modes and found that the single axis tracking collector with axis oriented north-south following sun yields higher annual thermal efficiency. Wang Jin [4] developed a solar tracking controller, and carried out experiments in four typical whether conditions. It is pointed out that tracking speed of different seasons is different, where the speed is the highest on the winter solstice and the lowest on the summer solstice.
Regarding operation performance, Xiong Yaxuan, et al. [11] investigated parabolic trough solar thermal performance with Direct Current Heating (DCH) method, and derived the heat loss curve of the collector. Xu Li [13] from the Chinese Academy of Sciences proposed a dynamic testing method for a parabolic trough loop, so that the temperature of HTF can be predicted with the DNI fluctuation. Under the following conditions, HTF temperature rises more than 100°C and the flow rate is stable, an ideal prediction result is achieved using a complex mathematical process.
The outlet HTF temperature of solar field is affected by DNI. In order to improve the solar-to-thermal efficiency and to establish a scientific and reasonable control strategy, a fast prediction model is set up. Based on the data measured from SunCan Tianjin 1MWt parabolic trough pilot plant, this paper studies the plant operating characteristics and the outlet HTF temperature predicted.
PROJECT INTRODUCTION
SunCan Tianjin 1MWt parabolic trough pilot plant is shown in Figure 1 , including solar field, stream generator, power block and HTF antifreeze system, etc. As shown in Figure 2 , in the solar field there are 4 rows SCAs, namely 1#, 2#, 3# and 4#, respectively. The four SCAs are laid out on linear axis from north to south, with tracking controllers and hydraulic driving systems [14, 15] . The length of each SCA is 100m, and the width of SCA is 5.75m. The inlet and outlet of the loop are installed with instruments to measure the HTF temperature, pressure and flow rate. The plant installation and commissioning were completed at the end of 2013, realizing automatic electricity generation in May of 2014. The plant has been in experimental operation for more than one year, including function verification of automatic operation and continuous power generation. There is a weather station in the plant which is used to collect the relevant meteorological data, such as environmental temperature, relative humidity, wind speed and direction, and sun radiation including global horizontal irradiance, DNI and diffuse horizontal irradiance [16] . If the technology was proved feasible and mature, large scale parabolic trough plants will be constructed in the northwest of China that is rich solar irradiance [17] .
PREDICTION MODEL
In parabolic trough power plant, it is expected that the HTF temperature at the outlet of loop is steady and equals the designed temperature. The outlet temperature is not only related to the solar radiation intensity, the HTF temperature at the inlet and HTF flow rate, but also the environmental temperature and wind speed and wind direction, etc.
The European Union released the dynamic solar collector performance test standard in 2006, which has looser test conditions for evaluating the performance of collectors, compared with the performance test standard in steady state [18] . The Equation (1) 
where m  is the mass flow rate of heat transfer fluid (kg/s); cf is the specific heat capacity of heat transfer fluid (J/(kg·°C)); Tout is the loop outlet temperature (°C); Tin is the loop inlet temperature (°C); Aa is the solar collector area of the loop (m 2 ); F′(τα)en is the optical efficiency of collector, which includes specular reflectance of the collector mirror, cleanliness, transmittance of collector tube, absorptivity, surface cleanness and other parameters for parabolic trough power plant; Kθb(θ) is a function of the angle of incidence of DNI; Ge is the solar radiation used in the model which also is DNI, since parabolic trough collectors can only take advantage of DNI instead of the global horizontal irradiance and diffuse irradiance, the formula does not include reflect the global and diffuse irradiance; c1, c2 represent the coefficient of heat dissipation of the collector tubes and connecting pipes; c3 is the effective thermal capacitance. The collector model is also written as: m out in a loss a loss,pipe a loop
where, following the experience equations from Sandia Lab. the heat dissipation of the collector tubes Qloss is written as:
The heat dissipation of the connecting pipes Qloss,pipe is written as:
where Do is the outside diameter of the pipe wrapped insulation material; Di is the inside diameter of the pipe; λ is the conductivity of the insulation material; α is the heat transfer coefficient of pipe surface. During the commissioning period of the loop, the optical efficiency η in the Equation (2) was unknown, but the value was considered as a constant that can be calculated using measured testing data during a continuous period of time. Then the calculated value was used in the Equation (5) 
In the actual operation, besides the normal operation mode, there are other modes such as start, cloud cover, night standby, emergency stop, and multi-model switching. The performance prediction model will be used to calculate the outlet temperature under different operation modes. In the paper, the testing and calculation will be developed under three typical weather conditions. Figure 3 shows the DNI with time under three different durations of time. Figure 3(a) shows the DNI with time in the morning on April 3 rd and the value is steady but sometimes jumping. Figure 3(b) shows the decrease curve of DNI with jumping in the late afternoon. Before midday on March 22 nd , the DNI increases with time. Under the stable HTF flow, the first 15 min experiment data are used to estimate the optical efficiency η with minimal variance, and then the dynamic performance prediction model can be used to predict the subsequent outlet HTF temperature of the loop. Figure 4(a) shows the measured temperatures of the inlet and outlet of the loop in the testing from 9:30 to 11:00 in the morning on April 3 rd and the calculated outlet temperature. Based on the first 15 minutes experimental data, the optical efficiency of the loop was calculated, that is 0.259. Substituted the temperature at the inlet and DNI with time and the optical efficiency into equation (5), the outlet temperatures with time were calculated, lagging behind the time when HTF flow into the solar field. The predicted HTF outlet temperature was generally consistent with the outlet temperature measured. The maximum deviation occurs at 10:30, reaching 4.86°C. After about 3 min, the deviation gradually reduced, and the average deviation was 1.07°C during the experiment period. The installation precision of SCAs may result in the deviation in short time. In April 3 rd afternoon, due to the sun is sinking in the west, the DNI decreased gradually in Figure 4 (b).
RESULTS AND DISCUSSION
The optical efficiency of the loop was 0.277, which increased slightly relative to the value in the morning. At 15:34, the HTF inlet temperature dropped obviously because of feeding water to the steam generator which was connected with the inlet of the loop to cool the HTF. During operation, the maximum deviation between the measured value and predicted value of outlet temperature of the loop was 2.86°C occurred at 16:14. The average deviation was 1.09°C during the experiment period.
In March 22 nd morning, only 1# and 2# SCA were in operation, while 3# and 4# SCA were in defocusing. At 11:06, the steam generator was fed with water, resulting in the decrease of HTF inlet temperature, shown in the figure 4(c). At 11:12, the maximum deviation between the predicted temperature and the measured temperature was 9.07°C. At 11:19, the loop reached thermal equilibrium state, and the predicted temperature and the measured temperature difference was 2.16°C. The time at the beginning of the HTF outlet temperature reducing is later than the time calculated.
The predicted temperature is lower than the measured temperature in most time, due to the thermal inertia of the loop. Since on March 22 nd , only the first two arrays (1#, 2# SCA) the HTF are being heated, but the four SCAs were in a series loop and the HTF also flows through 3# and 4# SCA, while, the thermal inertia of the whole loop has to be taken into consideration in the calculation.
The optical efficiency of the three cases are 0.32 (on March 22 nd ), 0.24 (in the morning on April 3 rd ) and 0.26 (in the afternoon on April 3 rd ), respectively. It is inferred that the installation precision and the meteorological factors lead to the difference of the efficiency.
The solar collector vibrates intensively with strong wind, affecting the tracking accuracy. On March 22 nd , the wind in the daytime was less than grade 3. On April 1 st , it was rainy. The dirty mirrors decrease the reflectivity of mirrors. On April 3 rd , the wind in the morning was grade 4-5 and decreased to grade 3-4 in the afternoon, so that the DNI fluctuated obviously in the Figure 3 .
To obtain high solar-to-thermal efficiency, the structure of SCAs should be optimum designed for decreasing the wind load, and the cleanliness of the mirrors should be maintained for a high reflectivity and absorptivity.
CONCLUSIONS
A performance prediction model is adopted to calculate the optical efficiency and predict the HTF outlet temperature with time. Compared the HTF measured temperature at the outlet of the loop with the predicted value, the following conclusions are drawn:
1) The fluctuation of the DNI effect weakly on the HTF temperature of the loop.
